Acousto-optical modulators usually rely on coherent diffraction of light by a moving acoustic wave, leading to bulky devices with a long interaction length. We propose a subwavelength acousto-optical structure that instead relies on a double resonance to achieve strong modulation at near-infrared wavelengths. A periodic array of metal ridges on a piezoelectric substrate defines cavities that create a resonant dip in the optical transmission spectrum. The ridges simultaneously support large flexural vibrations when resonantly excited by a radio-frequency signal, effectively deforming the cavities and leading to strongly nonlinear acousto-optical modulation. The nano-optical structure could find applications in highly compact photonic devices.
INTRODUCTION
Léon Brillouin predicted in 1922 that optical waves could be diffracted by tiny vibrations inside matter, oscillating at acoustic frequencies, whether they be generated by thermal fluctuations or coherent acoustic waves [1] . Since the first experimental demonstrations by Debye and Sears [2] , and Lucas and Bicquard [3] , acousto-optical (AO) interactions have been the subject of many studies and have led to various AO modulators and devices. The standard physical model of AO interaction inside materials is based on the photoelastic effect, according to which strain-stress acoustic waves form moving diffraction gratings that scatter light to preferred directions and modulate it in time at the acoustic frequency, causing a Doppler shift of the diffracted light frequency. The photoelastic effect is described as a small perturbation of the bulk optical permittivity, and it hence requires the coherent interference of waves diffracted on many-wavelengthlong gratings to lead to significant AO modulation [4] .
Recently, the emergence of optomechanics has attracted much attention toward another mechanism for the interaction of light and sound: the modulation of an optical resonance frequency caused by mechanical vibrations deforming a resonator. Radiation pressure exerted by light for instance causes it to couple to the deformations of a cavity, leading to unprecedentedly sensitive mass-sensing devices or light-assisted cooling down to the fundamental quantum state of the resonator [5] [6] [7] . The moving interface effect is intrinsically related to radiation pressure [8, 9] , and both can indeed be derived from the same Lagrangian [10] or Hamiltonian [11] formulation. This effect is responsible for the surface AO modulation that complements the bulk photoelastic effect in nanophotonic structures [12] . It has generally been modeled as a first-order perturbation of the optical permittivity [13] , following the canonical model of photoelasticity, but this assumption can be expected to break down if large deformations occur. Multiphonon AO modulation has furthermore been predicted in multilayers of simultaneous photonic and phononic crystals enclosing a defect cavity [14] , and though the resulting all-solid structure could not sustain large deformations, AO nonlinearities resulted from the cavity being able to tightly confine sound and light. The problem we consider is then the following: can we design a resonant AO structure for which surface deformations at an acoustic frequency can be large enough for strong and nonlinear modulation to result from the moving interface effect?
In order to achieve the above goal, we consider the nano-optical structure depicted in Fig. 1 . A subwavelength-thick optical resonator is formed by a periodic array of metal ridges that define optical cavities. One period of the array includes two asymmetric cavities that sustain an optical Fano resonance [15] that can be excited under normal incidence, causing a sharp dip in the transmission spectrum. By applying a time-harmonic external acoustic signal with the frequency tuned to a mechanical resonance of the array of ridges, flexural oscillations with large amplitude can be induced, and an extraordinary AO modulation of the transmitted light is obtained. The nonlinear regime is reached with only a few nano
OPTICAL RESONANCE
The one-dimensional array of slits defined by silver ridges shown in Fig. 1 is periodic along the x 1 direction, with lattice constant p. It is deposited on an optically transparent piezoelectric substrate, such as lithium niobate, and it is illuminated under normal incidence with near-infrared light with transverse magnetic (TM)-polarized illumination (the magnetic field is directed along the x 2 axis). One period of the structure contains two slits with the same height h but different widths w 1 and w 2 . The imbalance between the slit widths is measured by the parameter e w 1 − w 2 . The orientation of lithium niobate is such that the Y (Z , respectively) crystallographic axis is aligned along the x 3 (x 1 , resp.) reference axis. With this choice, the index of refraction of lithium niobate for TM light can be considered isotropic. We take n 2.2472 constant in the range of interest, i.e., we neglect the dispersion of lithium niobate. Silver is selected for its rather small optical absorption loss. Numerical simulations were performed with a homemade finite-difference time-domain (FDTD) code including a critical points model to faithfully describe the dispersion of the dielectric constant of silver εω [16] . FDTD results were compared to a time-harmonic finite element model (FEM) to check consistency and accuracy; they were found to agree to within a relative error smaller than 1% in all considered cases. Details of the FDTD and FEM computation models may be found in Supplement 1.
Asymmetry in the unit cell, as compared to the regular symmetric grating, is known to induce a Fano-or phase-resonance [17] , the optical signature of which is a narrow dip in the transmission spectrum. According to the value of e, the dip properties can be highly sensitive to local environmental changes imposed by external excitations, such as a mechanical deformation. A parametric study was performed to optimize the design so as to obtain the highest quality factor, taking into account fabrication accuracy, as detailed in Supplement 1. The determined parameters are p 640 nm, h 270 nm, w 100 nm, and e 80 nm. The optical transmission and reflection spectra are shown in Fig. 2(a) . The transmission spectrum shows a dip at resonance that reaches 50% with a Q factor equal to 730. The depth of the dip is due to the substantial lifetime of photons (proportional to Q) inside the structure, which leads to enhanced light-metal interaction and, by way of consequence, to enhanced losses. Furthermore, the asymmetry of the reflection spectrum confirms the Fano character of the resonance. Figure 2 (b) illustrates the electric field intensity distribution and the direction and magnitude of the Poynting vector at resonance. A strong confinement of the electric field intensity occurs at the top corners of the cavity. At resonance, the electromagnetic power flows up in the smaller slit but streams down inside the larger slit. This type of resonance was called π resonance [15] due to the fact that the electric fields within the two slits have opposite signs. The electromagnetic power loop leads to an increased photon lifetime that enhances the interaction with external excitations.
ELASTIC RESONANCES
The array of silver ridges can also be used as a transducer for mechanical resonances of the ridges [18] . Electrical transduction is achieved, thanks to the piezoelectricity of the substrate, by connecting the ridges alternatively to a pair of electrical buses and applying a time-harmonic potential difference. The stress distribution created in the substrate by the spatially periodic electric field distribution excites surface acoustic waves (SAW) that, in turn, cause the ridges to vibrate. If the excitation frequency is tuned to a mechanical resonance, then rather large vibration amplitude can be expected. As a note, the velocity of the Rayleigh surface wave for the considered orientation of lithium niobate is 3487 m/s. It should be kept in mind, however, that the Rayleigh Fig. 1 . Doubly resonant AO structure. w 1 and w 2 are cavity widths, w is the metal width, p 2w w 1 w 2 is the period of the grating, and h is the metal thickness. The imbalance parameter e w 1 − w 2 measures the departure from equal cavity widths. The piezoelectric substrate supporting the structure is semi-infinite. Metal ridges are alternatively connected to a current source, thus forming an elastic wave transducer. A time-harmonic electric potential difference V Ω is applied to drive mechanical motion at an acoustic frequency Ω. Research Article wave is a mode of the planar free surface. For thick ridges on the surface, as considered here, there exists instead a family of surface guided waves with velocities generally slower than the Rayleigh SAW on the homogeneous surface [18] . These surface guided waves result from hybridization of the mechanical resonances of the ridges with the elastic waves propagating in the substrate. One period of the transducer is composed of two successive ridges. Assuming that an electric potential difference V is applied using a current source at angular frequency Ω, the displacements in the transducer can be obtained. In order to solve this forced vibration problem, we have set up a FEM of surface acoustic wave generation in a periodic two-dimensional interdigital transducer on a piezoelectric substrate. The piezoelectric model follows the classical displacement-electric potential formulation in the frame of the quasi-static approximation of piezoelectricity [19] . The model is periodic along x 1 and infinite along x 2 , and includes viscoelastic losses for both the substrate and the metal ridges. Compared to an actual experiment, it thus describes a transducer that is sufficiently long to be considered locally periodic-at least several tens of ridges are necessary-and the end effects are neglected. Specific FEM implementation details are given in Supplement 1. Figure 3 shows the computed maximum absolute displacements as a function of driving frequency, for an applied potential difference of 1 V. More precisely, the FEM model provides the time-harmonic displacement field u i r; Ω expiΩt, with i 1; 2; 3. The maximum absolute displacement is defined as max r ju i r; Ωj. Within the frequency range from 0 to 6 GHz, there are four main resonances in the response, as listed in Table 1 . All four resonances are subsonic, i.e., they appear below the sound cone, or in the nonradiative region of the substrate. Indeed, because of the periodicity of electrical excitation, the acoustic wavenumber K 2π∕p. In analogy with the light cone, the sound cone is defined by the condition Ω
The vibration modes at the four resonances are depicted in Fig. 3 . As the solution of the FEM problem provides the complex time-harmonic displacement fields, the actual motion for the mth resonant mode as a function of time is α m Ru i r; Ω m expiΩ m t;
where α m is a scaling coefficient. Note that the vibration amplitudes in Fig. 3 have been adjusted for display purposes. The scaling coefficients in Eq. (1) are α 0 1, α 1 10, α 2 20, and α 3 50. They compensate for the different maximum absolute displacements listed in Table 1 . The vibration amplitudes are given for an infinite array of ridges and are effectively limited at resonance by viscoelastic losses in the ridges and the substrate. They must be expected to be reduced in an actual experiment with a finite-length structure. In practice, the vibration amplitude at a particular driving frequency can be controlled by the number of ridges in the structure and by the applied voltage. Previous SAW experiments indicate that vibration amplitudes of the order of several nanometers can be reached in arrays of pillars and ridges on a surface [21, 22] . Given that the vibrations involved here are mostly flexural, rather large amplitudes of vibration at the top of the ridges-of the order of 10 nm or more-seem plausible. Note that displacements inside the substrate remain small compared to flexural displacements in the ridges.
EXTRAORDINARY AO MODULATION
We next consider the AO modulation problem: given an established vibration of the structure at a given driving frequency, what is the resulting modulation of the optical transmission? Let us first consider the limit of small deformations, which is the traditional approximation of acousto-optics. Within this limit, first-order perturbation theory gives AO coupling coefficients in the form of overlap integrals [12] . Since strains in the substrate remain small, we can safely ignore the photoelastic contribution here. See Supplement 1 for further justification of this approximation. Furthermore, the results to follow show that first-order perturbation theory is inadequate for the description of the moving interface effect in the considered structure. Instead, numerical analysis of the moving interface effect beyond the first-order approximation is rather easily performed under an adiabatic hypothesis. 
Research Article
Since the optical frequency is much larger than the acoustic frequency, one can consider that the acoustic motion appears as almost frozen to traveling optical waves, and that those have ample time to adapt to changes in the shape of the structure. Hence, the acoustic period can be decomposed in a sequence of successive snapshots for which the optical properties can be calculated. Such a procedure was previously implemented for one-dimensional structures [14] , photonic crystal cavities [23] , and optical waveguides [10] .
For the results shown in Fig. 4 , we selected the values α m such that the maximum displacement of each acoustic mode is equal to either 100 pm or 1 nm. The AO modulation for a maximum displacement of 100 pm is mostly sinusoidal at the acoustic frequency for all modes. When the maximum displacement is increased to 1 nm, the modulation becomes nonlinear and higher harmonics of the acoustic frequencies are generated. Because of the renormalization of displacements in Fig. 4 , the results may suggest that mode m 2 is the most favorable for AO modulation. However, at fixed driving voltage, the flexural vibrations for mode m 0 are 23.5 times larger than for mode m 2, as Table 1 indicates. Hence, the fundamental flexural mode is actually causing the largest AO modulation among all four acoustic resonances.
We now address the effect of large acoustic deformations of the structure. Given the results for small deformations, we focus on the fundamental (m 0) acoustic mode. Indeed, this mode exhibits mostly flexural oscillations of the ridges that cause a significant geometrical modification of the boundaries of the optical cavities. The maximum vibration amplitude is now taken as in Table 1 (i.e., α 0 1), and the adiabatic AO modulation calculation is conducted again.
Figure 5(a) shows the variation of the optical transmission as a function of both time and optical wavelength. It is seen that, for a fixed wavelength, the transmission is strongly modulated as a function of time, and that this modulation is highly nonlinear. Indeed, the modulation remains rather limited for about one half of the acoustic period, with a small blue-shift, but is very strong during the remaining half period, with a large red-shift. Visualization 1 shows the temporal evolution of the optical transmission spectrum. It is noteworthy that the optical reflection as a function of time and optical wavelength mostly complements the transmission (see Supplement 1). The AO structure could thus be operated alternatively in reflection mode.
The transmission is plotted in Fig. 5(b) for three values of the wavelength: λ 1 1445 nm, λ 2 1460.5 nm, and λ 3 1475 nm. Despite these wavelengths being rather close, the transmissions as a function of time are vastly dissimilar. Fig. 2(a) , or λ 1459.5 nm, in order to obtain the maximum modulation. Visualization 2 shows the effect of the fundamental acoustic mode on the electric field intensity map and its propagating direction (Poynting vector) as a function of time at λ 2 1460.5 nm. The temporal modulations in Fig. 5(b) correspond to a possible experimental configuration where the optical transmission would be measured with a fast photodiode as a function of time, using a tunable single-frequency optical laser source. Alternatively, one could attempt to capture the transmitted optical spectrum using a slow detector, for instance an optical spectrum analyzer, so that the time average of transmission could be obtained as a function of wavelength. Figure 5 (c) displays such a spectrum. The numerical results then suggest that a clear distortion of the transmission spectrum could be observable directly on a spectrometer when the driving acoustic frequency is tuned to a vibration resonance of the structure.
DISCUSSION AND CONCLUSION
The results presented in Fig. 5 clearly suggest that the nonlinearity of the optical transmission as a function of time is a consequence of the rather narrow spectral transmission dip being displaced and broadened by the flexural motion of the vibrating ridges. This motion modulates the volume of the photonic cavities and hence the resonant optical frequency. Compared with recent attempts at designing periodic metal-dielectric structures showing enhanced AO modulation [24, 25] , a significant difference is that the ridges are here relatively free to vibrate with large amplitude, since they are attached to the substrate only at their base. Similar to the prongs of a tuning fork, each couple of ridges in a period of the array oscillates anti-symmetrically, creating a vibration node near the substrate surface that minimizes mechanical energy dissipation by radiation.
The mechanism behind AO modulation is also quite different from bulk AO devices relying on light diffraction by a propagating acoustic wave. An important difference is that the resonant modulation always increases with the amplitude of vibration of the ridges (see Supplement 1 for the extreme case that the displacement amplitude reaches the maximum value permitted before the oscillating ridges actually touch one another). In contrast, in a bulk AO device, the modulation varies periodically with the acoustic power and the interaction length.
As we already noted, the nonlinearity of the AO response of the structure far escapes the frame of first-order perturbation theory that is usually employed to describe AO interaction. Indeed, our numerical simulations imply that transmission modulation can approach 100% at GHz frequencies if flexural motion of the ridges reaches an amplitude of the order of 10 nm. This result suggests in turn to search for optomechanical structures where large mechanical motion could be induced all-optically, possibly resulting in strong optomechanical coupling. As a note, the structure discussed here is not an adequate candidate for strong optomechanical coupling as its optical quality factor is lower than required [7] .
Finally, from an AO point of view, the doubly resonant structure achieves large transmission modulation although the thickness is only about one fifth of the optical wavelength. The interaction length is then several orders of magnitude smaller than in non-resonant AO devices. As a result, our study suggests ways to integrate efficient AO modulators in highly compact photonic devices.
Funding. Agence Nationale de la Recherche (ANR) (ANR-11-LABX-0001-01); Labex ACTION Program.
